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I. INTRODUCTION 
The discovery, in 1957, that polymeric substances 
could be observed in a crystQlline state (1-3), lead to 
much increased research in this field. One of the first 
fruits of this effort was the discovery that polymer 
crystals, particularly those of polyethylene, occurred 1n 
forms other than the thin platelets originally noted. 
Spiral growth crystals, an example of which may be seen 
in Figure 1, was one such variety noticed. That polyethy-
lene should occur in such a form was not entirely surpris-
ing -- screw dislocations 1n metal crystals had long been 
known to form such growths. However, there was one maJor 
difference between metals and polymers. In metals, the 
distance from the center of the crystal 1s a linear func-
tion of the dislocation step number. This 1s not only 
the case experimentally, but it is also a direct conse-
quence of the crystal growth rate (4). By contrast, with 
" 
polymers it has been noted (5) that a plot of the dis-
tance from the crystal's center versus the step number 1s 
distinctly non-linear. Since this difference is, at first 
thought, rather unexpected, it is desirable to investigate 
the growth patterns in detail. This information, in turn, 
may be used to develop an explanation of the growth rate 
1 
I 
I 
' ·! 
•, 
2 
mechani3m of polymer crystals. It is obvious that to 
obtain the desired crystalline distance-step number re-
lationship, data on their relationship is needed. How-
ever, such data are not presently available. It is the 
purpose of this report, then, to investigate methods of 
obtaining electron micrographs of these spiral growth 
crystals, from which the desired data may be obtained. 
-~ 
. . 
Figure 1 
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Spiral Growth Crystal of Polyethylene with 
Central Pleat (Arrows sketched are perpin-
dicular to edge of seed crystal.) 
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II. BACKGROUND 
Although the existence of single crystals of 
polyethylene was noted as far back as the 1930's (6), 
it was not until 1957, when three laboratories (1-3) 
independently reported this phenomenon again, that the 
idea was seriously considered. Since that time, there 
has been much written in the literature on the struc-
ture of these crystals, and, to a much lesser extent, 
their growth mechanism. 
4 
These crystals may be grown 1n either of two 
ways, viz., from the polymer melt, or by precipitation 
from a dilute solution. The crystals grown by the latter 
method, which is the one forming the basis of this re-
port, may be further sub-classified as truncated loz-
enges, true lozenges, and dendrites. While mean molecu-
lar weight and molecular weigJ:it distribution have an ef-
fect upon which of these groups a crystal will fall, by 
far the greatest influence on crystal type is the tem-
perature at which the crystal is formed. Thus, at the 
higher temperatures of crystallization, e.g. ca. > 80°C 
for polyethylene, truncated lozenges would be expected. 
At intermediate crystallization temperatures, e.g. for 
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polyethylene ranging from ca. 70° to 80°C, true loz-
enges are formed, and these take on a more dendritic 
nature as the crystallization temperature is decreased. 
Most work in the literature to date is concern-
ed with the true lozenge or platelet type of crystal, 
though all three types cited earlier have been dis-
cussed (7-17). The basic structure of the lamellar 
platelet single crystal of polyethylene is shown in 
Figure 2, the crystal form being that of a hollow pyra-
mid and not a truly flat platelet as might be expected 
initially (7,13,18). Evidence for this form of crystal 
includes 
1) crystals that have folded back on them-
selves, the angle at the fold showing 
the true frystal shape, 
2) breaks or folds found in many of the 
platelets, and 
3) crystals that have flattened by col-
lapsing along particular crystallog-
raphic planes, e.g., the (310) crys-
tal planes. 
Examples of such folding or shearing may be 
found in Lindenmeyer's work (9), as well as elsewhere. 
6 
If a screw dislocation should occur in this 
lamellar crystal, however, a new growth face will form, 
as ~ep~e~ented in Figure 3. As there is a greater sur-
face exposed at the end of the dislocation than towards 
the center of the crystal, growth will be more rapid at 
this point, and a spiral growth crystal will result. 
Often these spiral growths will far outgrow their seed 
crystal. 
As mentioned earlier, single crystals of poly-
ethylene have a tendency to either collapse or form a 
central pleat, in order to more nearly attain a two 
dimensional structure. With the larger spiral growths, 
one can not only form this central pleat (an example of 
which is shown in Figure 1), but there is also the not 
uncommon danger of slippage along the spiral growth 
crystal steps. If such were to occur, it is obvious 
that the crystalline distance-step number data obtained 
would not be those of the true three dimensional crys-
tal, and so would be of no value. Thus, it is desirable 
~o eliminate such slippage, collapsing, and/or pleating. 
_,.) . 
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Fig. 2. Arrangement of molecules in a 
lamellar single crystal of polyethylene. 
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Fig. 3. A screw dislocation in a crystal of polyethylene. 
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To avoid these difficulties, it is necessary to 
understand their origin. It appears (5) that they arise 
during the crystal's preparation for viewing in the elec-
tron microscope. During this procedure, xylene, in 
which the crystals are originally formed, is evaporated, 
leaving the hollow crystal figure without adequate sup-
port, and thus permitting it to collapse. Ti these crys-
tals could be reinforced until the carbon film was de-
posited (which 1s, itsr'.lf, sufficif'.ntly '.Jtrong Lu :3upport 
the crystals), the crystals could then L1~ viewed in their 
actual three dimensional configuration. It is in search 
of such a technique that thi:3 report no1t1 r:or1cE:·rn'.~ i U;elf. 
'...::-.;;'.'r'·- J.el•, 
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III. EXPERIMENTAL DETAILS 
A. Crystal Preparation 
The polyethylene-xylene suspension that was 
used in all of the following experiments was prepared 
as follows: to 200 ml. (172.56 grams) of xylene, 
0.173 grams of polyethylene were added. This was suf-
ficient polymer to form a 0.1 weight per cent mixture, 
although the exact proportions are not critical. The 
polyethylene used was unfractionated Marlex 50 (T. M. 
Phillips Petroleum Company), this being an essentially 
linear chain polymer(< 1.5 branches per 1000 carbons, 
as determined by infrared data). Linear chain poly-
ethylene was used as branching in a polymer decreases 
the likelihood of forming single crystals. 
This polyethylene-xylene mixture was then 
heated in a 1000 ml. round bottom flask, by means of 
\ 
a Variac controlled heating jacket, until the solution 
reached its boiling point (at atmospheric pressure). 
The solution was allowed to reflux for a few minutes, 
after which the Variac was turned off and the poly-
ethylene-xylene solution allowed to cool until it 
reached the cloud point - i.e., the point where the 
) 
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polyethylene first starts to precipitate. This sus-
pension was once again heated and refluxed. This double 
heating procedure was used as it gives more regular 
crystals (as opposed to dendritic crystals) when un-
fractionated polymer 1s used (19). 
After this second refluxing had been proceed-
ing for a few minutes, the solution was ooured into a 
400 ml. Pyrex hearer that was immersed in a 7S + 1°C 
~lujol oil hath. Th:i'., C()nstant temperature L,ath was 
maintainerl for a neric;d preater than 711 hours to insure 
that essentiallv all the polyethylene would precipitate 
out (11). To prevent PxcessivP xylem' losses during 
this time, althou~l1, as mentioned, the per cent ooly-
ethvlene was not a critical parameter, the beaker was 
loosely covered. At the end of the crystallization 
period, the oil and the polymer suspension were allowed 
to cool to ambient conditions. The suspension was then 
bottled and set aside for further use. 
B. Carbon Film neposition and Equipment 
The original procedure used to prepare the 
sample for viewing in the electron microscope was as 
• -,.!-te" 
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follows: one to three drops of the polyethylene-
xylene suspension were put on a clean glass slide, and 
the solvent was allowed to evaporate. A carbon film, 
used for support of the polyethylene crystals in the 
electron microscope, was then deposited, in vacuo, on 
the slide. This film was then scored with a sharp 
object, such as a pin, 1n sauares rouphlv 1/8 - 1/JG 
of an inch on ,~1 ,:-;ide. The ,;lirlP w,E then transferrPrl 
j n to a cl i sh cont a i n i n p r l i st i 11 e d 1t1.=i t er , with d : ; rr rll l 
amount or alcohol addPrl (to facilitate manipulation 
of the sampJe~;). The carbon film with th0 polv0:th 1;1r:nc· 
crvsta1s attad1c,d wou]d float on th0 v1a1-er· ,;urfacr-), 
from which :;arnplr::s could ],c, transferr,:cl to 1hr) r'lectrnn 
microscope grids. 
The equipment usecl for the carl,on film depo-
sition and to view the samp1 es obtainPd w2t':':;, respec-
tively, a Kinney l!igh Vacuum r:vaporator' (Model SC-3) 
and an P.C.A. electron microscope (Model fMlJ-3(;). 
Standard operating procedures were followed for both 
units, and so will not be discussed here . 
12 
C. Experimental Puns 
As mentioned previously, the original method 
of preparing samples for the electron microscope 
caused the crystals to collapse, slip, and/or pleat. 
To avoid these rlifficulties, it was proposed to pro-
vide the cryst ,1] ,; wj th ,:i ~-,;uitalile support durin):!, car-
bon deposition. 
Thr, first :;11ppnrt matPrir=il invr::~;t ip;itPd, 
this he j n p rl i Ii 11 t 'I J n h t l 1 ,i la t e , 1:1 a~~ ch o :"; c n f n r i t ::; ex -
ceptionallv low vaprJ1' rn·r·s,-,ure. /\ ~~mall layer· nf the 
d i b u t y ] p h t h a l a t r, 1:1 a : ; r, l a c (' rl i n a C rl mm . rl i a me t e r 
p e t r i rl i sh , rl er a c; ,; c rJ , a n rJ t Ii e n ; - '.1 rJ r n Tl :_; o f tl 1 r: 
polyethylf"ne-xvl cnP :;usrwnsion 1:1c1~1 f1oaterl un its sur-
face. Vacuum 1:1a~ appli(:rl ,)lowly, to allo1;1 time for 
the dibuty] phthalatc to replac(' the evaporating xylPne 
without the crystaJ 's co-I lapse, ancl the carbon was 
subsequently evaporated. A number of simjJar runs all 
produced the same effect, that is, failure of the car-
bon to form a continuous film on the dibutyl phthalate 
surface. 
A working hypothesis for this lack of film 
formation was dibutyl phthalate's relative lack of 
polarity. Therefore, the next support material tried 
/ ( 
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was glycerine, as it was felt that its higher polarity 
might allow a carbon film to form. This method did 
allow a carbon film to form, and the sample film was 
prepared for viewing in the electron microscope by re-
peated waihings with distilled water to remove the 
glycerine, after which sample portions of the poly-
ethylene carbon film were picked up on 200 mesh copper 
grids. Electron microscope viewing of these samples, 
with the help of electron diffraction, showed that the 
crystals had agglomerated into multi-crystalline pack-
ets. To reduce or eliminate the agglomeration, which 
of course prevents one from obtainin2 the desired 
crystal data, three methods, and combinations thereof, 
were tried. The first was slowing the rate of xylene 
evaporation by allowing the solvent to evaporate under 
ambient conditions instead of under vacuum. This tech-
nique was used in all subsequent runs. Secondly, a 
third substance, such as acetone, was added to the 
glycerine-xylene mixture. It was hoped that this ad-
dition would bring the polyethylene crystals into con-
tact with the glycerine even before the xylene evaporated, 
and this, in turn, might prevent the destruction of the 
single polymer crystals. Finally, a high dilution (50 
./ 
parts xylene to 3 parts of the polyethylene-xylene 
14 
suspension) was studied. The results of all these 
trials were as before - viz., no single crystals were 
found, only multi-crystalline bunches. This elimin-
ated glycerine as a suitable support material. 
The next trials for a suitable supnort fluid 
were using silicone fluids, chosen for their low vapor 
pressure and unreactivitv. Specifically, the silicones 
used were those of General flectric (SF-96) and the 
A. !--!. Thomas Company O!o. 6407-LT). It was found to be 
experimentally impossihle to form a carbon film on the 
Thomas silicone fluid: all runs described below were 
with the General [lectric silicone fluid SF-96. 
The first oroblem encountered was that the 
silicone fluid seemed to bond itself to the petri dish. 
This made it impossible to introduce a solvent to wash 
the silicone fluid from the carbon film. Waxing the 
petri dish was of no avail, and neither was pre-
coating the dish with either glycerine or dibutyl 
phthalate. The problem was overcome, however, by us-
ing watch glasses instead of petri dishes, for then 
the film containing the crystals could simply be slid~ 
off \he watch glass into a suitable solvent. / 
\ 
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The remaining step was that of finding a 
suitable solvent for the silicone fluid. This layer 
of fluid normally adhering to the carbon film must 
15 
be completely removed for two reasons. First, the 
silicone fluid 1s not sufficiently transparent to 
electrons, and so would make viewing the crystals 1n 
an electron microscope impossible. Even if the sample 
were not made comoletely opaoue to the electron beam 
by the silicone fJuid, the resolution would be ad-
versely affected (as was exoerimentally found to be 
the case). Second, if some silicone is left behind, 
there 1s the possibility of causing ionization to 
occur 1n the electron microscope. This is to be avoid-
ed as it can make it impossible to keen from having 
a changing field of view, burn out the filament, and 
make photographs impossible to obtain. (The ioniza-
tion causes at least a momentary shift of the field of 
view.) 
The first solvent investigated was xylene, 
which, according to a bulletin of The General Electric 
Company on their silicones, has infinite solubility 
with their fluid SF-96. Unfortunately, repeated wash-
ings of the samples over a three day period failed to 
' 
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satisfactorily remove the adhering layer of silicone, 
and as a search for a better solvent was made. This 
was done by adding a small amount of the silicone to 
test tubes containing oossible solvents. The results 
were as follows: 
Solvent 
Carbon Tetrachloride 
Acetone 
Hexane 
Chloroform 
Benzene 
Ethyl }~ther 
Decane 
Cyclohexane 
Dimethyl Formamide 
F.thyl Acetate 
i-propanol 
Decahydronaphthalene 
(Decal in) 
Methyl Ethyl Ketone 
Dimethyl Sulfoxide 
Methylene Chloride 
Initial 
Solvatin.2: [ffect 
Poor-Fair 
!lone 
r:xcellent 
Fair-Goocl 
l'!one 
fair 
Fair 
None 
None 
Fair 
None 
Fair 
Fair 
None 
Fair 
Final [ffect 
rair-Goocl 
!'.onf' 
f:xce l lPnt 
Goocl 
fair 
fair 
Fair 
Fair-Good 
None 
Good 
None 
Fair 
Good 
None 
Fair-Good 
\ 
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The above shows hexane to be by far the best 
solvent, although the carbon tetrachloride has the ad-
vantage that the silicone floated on it. Tests using 
the carbon tetrachloride as solvent eliminated it, 
however, as the carbon film tended to ''ball up" when 
introduced to the solvent, making it impossible to 
pick up samples on the electron microscope grids. 
\ Using hexane, a small change in procedure was 
necessary, as the carbon film-polyethylene crystal-
silicone fluid sandwich sank in this solvent. Thus, 
a piece of aluminum screening was cut to fit midway 
in the oorcelain dishes used for washing. A number 
of sample grids were then placed on this screen, and 
it was placed in the hexane containing dish. The car-
bon film could then be slid off the watch glass, into 
the solvent, and upon sinking, it would land on the 
sample grids~ This whole affair was then given re-
peated hexane washings. 
The results of the above were negative. Be-
sides being an uncomplete washing, electron microscopy 
yielded no traces of polyethylene crystals. 
,1 
'i 
\ 
18 
IV. SUMMARY AND DISCUSSION OF RESULTS 
All results in the search for a suitable 
crystal support material were negative. Dibutyl 
phthalate and the Thomas silicone fluid (6407-J) were 
unsuitable for they did not allow a carbon film to 
form on their surfaces. Usin,:I glycerine as a support 
fluid for the crvstals made them agglomerate into 
mu 1 t i - cry s t a l J i n e: Ji I rn c h c ,; , l ca v i n g no t race o f t l 1 e d e -
sired single crystal:;. Thi,; 1-Jas trur-) 0ven ~Jiih slow 
solvent evaporatjon, acJcljtion of a third liCluid to try 
and make thr: polyethylene more compatible 1,,Jith the 
glycerine, and with hir,h dilution of the po]yrner s11s-
pens1on. The r.eneral r:lectdc s-iliconP fluirl, Sf-Cl6, 
proved unsuccessful, as a suitable solvent to wash it 
away could not be found. rurther, samples that were 
viewed, even with incomplete silicone removal, showed 
no trace of polyethylene. As the xylene, which the 
polyethylene is 1n suspension witl1, is soluble in the 
silicone fluid, the crystals likely are brought below 
the silicone surface before the xylene is evaporated. 
Then, either the crystal's density and/or the sili-
cone fluid's viscosity is too great to allow the 
crystals to reach the surface in a reasonable length 
of time. 
In view of the near success obtained with 
the silicone fluid reported here, it is felt that 
silicone fluids of greater density and/or lower vis-
cosity than that of General Electric's SF-96 might 
provide a greater chance for successful support; 
work should proceed in this particular area. 
19 
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